Introduction
The recent accumulation of genome sequence data has provided the opportunity to investigate aspects of genomic structure that were not previously accessible. It is now possible to ask: are chromosomes essentially just a genetic beanbag-a random distribution of genes interspersed with genetic flotsam and jetsam? Or do genomes display evidence of large-scale structure: are there patterns in the distribution of genes, and does DNA composition vary in a systematic way with respect to genomic location?
There are already some answers to these questions. For example, some large-scale structure has been detected within vertebrate genomes: regional variation in GϩC content is present in the form of isochores, which are long (Ͼ100 kb) tracts of DNA that appear to be compositionally homogeneous (Bernardi 1995) . However, perhaps the most illuminating insights into genome evolution will come from analyses of complete genome sequences. Analyses of complete bacterial genome sequences have revealed previously unseen patterns of base composition variation (Kerr, Peden, and Sharp 1997; McInerney 1997) . Here, we investigate the budding yeast Saccharomyces cerevisiae, the first eukaryote for which an entire genomic sequence is available (Goffeau et al. 1997) . Analysis of this unicellular eukaryote may allow us to detect fundamental patterns that shape the more complex genomes of multicellular organisms.
Even before the completion and subsequent analysis of the 12.1-Mb yeast genome sequence (Dujon 1996; Goffeau et al. 1997) , many studies were conducted on the first few chromosome sequences that were available. Chromosome III was the first of the 16 chromosomes to be sequenced (Oliver et al. 1992) , and base composition (GϩC content) displays striking variation along that chromosome (Sharp and Lloyd 1993) . This is particularly evident at the third positions of codons: each chromosome arm displays one large peak in silent-site GϩC content (GC3s). Even though codon usage bias varies among yeast genes in correlation with their expression levels (Bennetzen and Hall 1982; Sharp, Tuohy, and Mosurski 1986; Sharp and Cowe 1991) , this is not related to the GC3s variation, because the set of ''preferred'' codons in highly expressed yeast genes has a GϩC content similar to the mean content for the whole genome (Sharp and Lloyd 1993) . The next three sequenced chromosomes (XI, II, and VIII; Dujon et al. 1994; Feldmann et al. 1994; Johnston et al. 1994) were longer, and multiple periodic peaks of GC3s were seen. It was shown that the numbers of GϩC-rich peaks present on these four chromosomes correlate with chromosome length, with approximately one peak per 100 kb (Sharp et al. 1995) . However, periodic spacing of GϩC-rich peaks was not seen in all of the remaining 12 chromosomes, and therefore the generality of this phenomenon is unclear.
In the analysis of chromosome XI, Dujon et al. (1994) also noted a correlation between increases in GC3s and increases in local gene density. Such a correlation between gene density and base composition has been seen for mammalian isochores (Bernardi 1995) . This correlation was also found in chromosome III (Sharp and Matassi 1994) and the subsequent primary publications of chromosomes II, IV, VIII, IX, X, XIII, and XV all reported periodic peaks in GϩC content with corresponding increases in gene density (Feldmann et al. 1994; Johnston et al. 1994; Galibert et al. 1996; Bowman et al. 1997; Churcher et al. 1997; Dujon et al. 1997; Jacq et al. 1997) . However, many of these correlations are weak and do not appear convincing. Furthermore, for chromosomes VI, VII, XII, and XVI (Murakami et al. 1995; Bussey et al. 1997; Johnston et al. 1997; Tettelin et al. 1997) , no such correlation was detected (although for chromosome VII, removal of Ty and LTR elements produced a correlation). For the remaining chromosomes (I, V, and XIV), analysis of GϩC variation and/or gene density was not undertaken or not discussed in any detail (Bussey et al. 1995; Dietrich et al. 1997; Philippsen et al. 1997 ).
Thus, the apparently clear patterns of regional variation originally found in chromosomes III and XI have not been confirmed universally for other chromosomes. In this paper, we have therefore set out to clarify the nature of GC3s content variation along and among all yeast chromosomes. It is important to discount the possibility that any patterns in GC3s variation are an artifact of the methodology used. Previous methods that have detected ''peaks'' are somewhat subjective and can be sensitive to the choice of window size. Here, a more objective approach is used, which simply asks whether open reading frames (ORFs) that are similar in GC3s content are significantly clustered.
We also address aspects pertaining to the origin and maintenance of GC3s variation by testing whether patterns of GC3s variation are conserved between the large duplicated chromosomal regions identified in yeast (Wolfe and Shields 1997; Seoighe and Wolfe 1998) . Furthermore, the unresolved issues of GC3s periodicity and correlations between gene density and GϩC variation (Dujon et al. 1994) are investigated. Finally, we consider the variation in individual ORF GC3s values from a global perspective, examining whether ORFs of different GC3s-richness are distributed randomly throughout the yeast genome.
Materials and Methods

Sequences and Data
DNA sequences and details of ORFs were obtained from the Saccharomyces Genome Database (SGD; Cherry et al. 1998) . Specifically, the chromosome sequences were downloaded (January 1998) from ftp://genome-ftp.stanford.edu/pub/yeast/genomeseq/, and the ORF location tables were downloaded from ftp://genome-ftp.stanford.edu/pub/yeast/tables/ORFLocations/. All ORFs that were completely contained within larger ORFs were excluded from subsequent analysis. ORFs encoded by yeast transposons (Ty elements) were removed from the analysis. This left 6,145 ORFs, of which 2,721 had been annotated as being genes (i.e., they had genetic names as well as ORF designations). Information on duplicated blocks in the yeast genome is available from http://acer.gen.tcd.ie/ϳkhwolfe/yeast/.
Test for the Significant Clustering of ORFs of Similar GC3s Values
To try to delimit significant clusters of ORFs with similar GC3s values on each chromosome, the following method was devised. We began with a sliding window of two ORFs and tried every window size up to half the length of the chromosome under analysis. In this way, every set of adjacent ORFs was tested against the remaining ORFs on the chromosome using t-tests to distinguish whether there was a statistically significant difference in mean GC3s. Nominally statistically significant results were recorded.
We then tried to exclude the possibility that many of these significant t-test results were simply due to the large number of windows examined. The order of the ORFs on each chromosome was shuffled randomly, and t-tests were performed on these shuffled data. One thousand simulations were made in this manner. We returned to the t values for the unshuffled data and asked for each significant t value: in how many of the 1,000 simulations was this t value exceeded? From these data, a list of windows on different chromosomes whose average GC3s seemed significantly different (P Ͻ 0.05) from the average GC3s of the rest of the chromosome was produced. Many of these significant windows overlap with each other; for example, a highly significant window of two ORFs might be overlapped by a larger, slightly less significant, window of five ORFs. This technique overcomes biases introduced by choice of window size by considering all possible windows.
A modified shuffling method was also used. In this shuffling scheme, chromosomes were built from randomly chosen ORFs which were sequentially accepted or rejected with a probability based on the difference between their GC3s contents and the GC3s content of the preceding ORF. For example, for a given ORF, if this difference in GC3s content was 0.02, and if the fraction of ORFs in the real data that had 0.02 of a difference in GC3s content as compared with their nearest neighbor was 0.1, then that randomly chosen ORF would be accepted with a probability of 0.1.
Results
Variation in Silent-Site GϩC Content
Variation in GC3s was calculated and plotted for all 16 chromosomes ( fig. 1 ) using a sliding window of 15 adjacent genes (as in Sharp and Lloyd 1993) . The plotting of all chromosomes to the same scale allows for an objective comparison between chromosomes. Chromosome III exhibits the most striking patterns of GC3s variation and is the only chromosome for which a window of GC3s exceeds 50%. Only two other chromosomes (I and XI) have regions of average GC3s that exceed 45%. Chromosome IV contrasts starkly with chromosome III; GC3s variation is confined within a narrow band and does not exceed 40%. Overall, there seem to be no clear and consistent patterns among all 16 chromosomes. For some chromosomes (such as XI), GC3s variation appears to be almost periodic, and ''peaks'' of GC3s are roughly uniform in size. Other chromosomes (such as X) display a far less predictable pattern of GC3s variation.
GC3s Variation in Duplicated Chromosomal Regions
Initial studies of GC3s variation in yeast concentrated on the peaks of high GC3s that are seen when the data have been smoothed by a window of 15 ORFs ( fig. 1 ). These peaks, which span up to approximately 40 ORFs, might be produced by long-range effects that require stability of a chromosome segment over a long period of time. If this is so, then large regions that have been undisrupted by chromosomal rearrangements might be expected to contain some of the highest peaks. The large duplicated blocks identified by Wolfe and Shields (1997) provide us with segments that have not undergone largescale rearrangement since genome duplication about 10 8 668 Bradnam et al.
FIG.
1.-Variation in silent-site GϩC content (GC3s) along 16 yeast chromosomes. GC3s was calculated as in Sharp and Lloyd (1993) using a sliding window of 15 ORFs, but plotted as a line rather than as a series of points for ease of presentation. All chromosomes are drawn to the same scale. Arrows denote approximate positions of centromeres. Dotted lines denote 30%, 40%, and 50% GC3s. years ago. Locations of GC3s peaks exceeding 40% (see dotted line in fig. 1 ) were examined against the coordinates of the 22 largest undisrupted segments in the yeast genome, spanning about 17% of the genome. Of 63 GC3s peaks, only 10 were found to be even partially within the large duplicated blocks. This was not more than would be expected by chance. Analysis of GC3s in pairs of genes that have remained in duplicate since genome duplication shows only a very weak, although significant, correlation (r ϭ 0.34, N ϭ 406, P Ͻ 0.01), indicating that change of GC3s content is rapid compared with the time estimated for genome duplication.
Are ORFs that Are Similar in GC3s Significantly Clustered?
The methodology used to display GC3s variation in figure 1 has a natural bias toward finding peaks in the data. It is perhaps better to consider GC3s variation in terms of the possible physical clustering of ORFs with similar GC3s values. A method was devised to delimit such clusters (see Materials and Methods) using ttests. Most chromosomes were found to have only a few of these clusters; some chromosomes (I and II) had none at all. Both high-GC3s and low-GC3s clusters were found. The high-GC3s clusters were typically small (less than 10 ORFs), whereas the low-GC3s clusters were usually much longer (up to 200 ORFs). Chromosomes X and XI produced many high-GC3s clusters, but it was chromosome III that again stood out. Most of chromosome III is occupied by two sets of overlapping clusters, one of which includes a window of six GC3s-rich ORFs on the right arm that is the most significant cluster in the entire genome, and the other of which is a large GC3s-poor area in the middle of the chromosome (data not shown; see fig. 1 ). It seems, therefore, that there are regions of the genome (particularly chromosome III) where GC3s variation is significantly nonrandom.
Is GC3s Variation Periodic?
Results from the first few chromosomes to be sequenced hinted at periodicity in GC3s. Methods from time series analysis were used to search for any such periodicity in the yeast genome (e.g., see Chatfield 1989, chapter 2). Correlograms for each chromosome ( fig. 2) show the correlation (as measured by the autocorrelation coefficient, r k ) between the GC3s values of any two ORFs as a function of the distance (k, measured in ORFs) between them. With completely random data, a correlogram would be expected to fluctuate randomly about r k ϭ 0. Periodicity in the data should produce regular significant autocorrelations at large distances. For most chromosomes, there was no significant autocorrelation at large distances ( fig. 2) . In each chromosome, however, there was a significant short-range autocorrelation normally extending only to nearest-neighboring ORFs (k ϭ 1), or sometimes to second-nearest neighbors (k ϭ 2). However, chromosome III again stands out from the other chromosomes ( fig. 2) . It is the only chromosome to exhibit significant long-range correlations (with a trough at approximately k ϭ 45 and a peak at k ϭ 90, both P Ͻ 0.05, and a weaker trough at k ϭ 130). Short-range correlations (over distances of k ϭ 1-5) are also much stronger on this chromosome than on others. This strong short-range correlation may be sufficient to give the impression of longer-range effects. There also appears to be less random ''noise'' in r k at different values of k for chromosome III than for other chromosomes; this is a consequence of the stronger short-range correlations ( fig. 2) .
For the whole genome (bottom of fig. 2 ), there are statistically significant autocorrelations for nearest neighbors (r 1 ϭ 0.36) and for ORFs separated by one intervening ORF (r 2 ϭ 0.14), and the correlation for k ϭ 3 is of borderline significance (r 3 ϭ 0.05). The 5% statistical significance level for the whole-genome plot corresponds to r ϭ 0.03, and the value of r 1 ϭ 0.36 was not exceeded in 10,000 random permutations of the data. The slight trough (near k ϭ 45) and peak (near k ϭ 90) in the plot for the whole genome are attributable to chromosome III and disappear if that chromosome is excluded.
The Nature of Short-Range Correlations
The short-range correlations in GC3s between ORFs occur regardless of the strand on which the neighboring ORFs are located. Furthermore, the correlations do not appear to be due to correlated levels of expression. The frequency of optimal codons (Fop; Ikemura 1981; Sharp and Cowe 1991) was used as an indicator of expression level, and no correlation was detected when the Fop values of neighboring ORFs were compared. Interestingly, the strength of GC3s correlation between neighboring ORFs depends strongly on their distance of separation, measured in base pairs. In the whole genome, for the 5% of neighboring ORFs that are most distantly separated, r 1 ϭ 0.19; for the 5% of ORFs that are closest, r 1 ϭ 0.43.
We investigated whether the short-range correlations observed in figure 2 could explain the significant clustering of ORFs of similar GC3s values. To do this, the multiple-t-test methodology outlined earlier was repeated, but a bias was introduced into the way the ORFs on a chromosome were shuffled. Chromosome III was chosen because it contains the most pronounced clustering of high-GC3s ORFs. Instead of shuffling ORFs randomly, they were shuffled taking into account the tendency for neighboring ORFs to have similar GC3s values. To do this, we first observed the range of differences in the GC3s values of adjacent ORFs in the real, unshuffled data. From this, we could determine how likely it is that two ORFs with a given difference in GC3s will be adjacent to each other, so shuffled data sets could be produced that have short-range correlation profiles similar to that of the real data. Using this modified shuffling technique, all the significant clusters of ORFs on chromosome III could easily be reproduced. Therefore, the nearest-neighbor correlation seems sufficient to explain the significant clustering of ORFs of similar GC3s values.
In contrast to the short-range GC3s correlations between neighboring ORFs, there is no significant positive correlation between the GϩC content of adjacent noncoding regions (even when taking into account the fact that these tend to be farther apart than neighboring ORFs). However, if noncoding regions are split in two, the GϩC contents of the two halves are weakly correlated (r ϭ 0.27, N ϭ 6,300, P Ͻ 0.01). This suggests that there is a very short range correlation in the base composition of noncoding regions.
Correlation Between Chromosome Length and Chromosome GϩC Content
We noted from figure 1 and from shuffling experiments that shorter chromosomes tend to have clusters with very high GC3s contents. There is a strong negative relationship ( fig. 3A) between the length of a chromosome and its crude GϩC content (r ϭ Ϫ0.78, P Ͻ 0.01). If repetitive elements and remnants of transposable elements are removed from the calculation of chromosome length and GϩC content, the correlation between the two increases (r ϭ Ϫ0.84). We will refer to this measurement of chromosome length as ''adjusted chromosome length.'' Because noncoding regions of the yeast genome typically have lower GϩC contents than genes, the relationship observed in figure 3A could be due to longer chromosomes containing a higher proportion of noncoding DNA, but, in fact, the opposite is true. The shortest chromosomes have a disproportionately greater concentration of noncoding sequence (defined here as DNA that is not in an ORF, RNA sequence, Ty element, or solo LTR). Approximately 35% of chromosome I (the shortest chromosome) is noncoding, as compared to 25% of chromosome IV (the longest chromosome). It has been postulated that the shorter yeast chromosomes may contain ''filler'' material to increase their stability (Bussey et al. 1995; Oliver 1995) .
When separate analyses are carried out for different classes of sequence ( fig. 3B ), the correlations with chromosome length are strongest for crude ORF GϩC content (r ϭ Ϫ0.83, P Ͻ 0.01) and for weighted mean ORF GC3s (r ϭ Ϫ0.81, P Ͻ 0.01), and they are weaker for noncoding regions (r ϭ Ϫ0.57, P Ͻ 0.05). ORFs on the shortest chromosome have an average silent-site GϩC content (GC3s) that is 5% higher than that on the longest chromosome. The high value for chromosome I might indicate a curved relationship rather than a linear one between the two variables. The values of these correlations increase slightly if the measure of adjusted chro- mosome length is used. These relationships hold when chromosome arms are considered separately, although the correlation values are lower (data not shown).
Distribution of All GC3s Values
From figure 3 , the question arises of why shorter chromosomes tend to have ORFs with higher GϩC and GC3s contents. This also has implications for how we should interpret figure 1. Higher peaks in GC3s were observed on the shorter chromosomes, but this might just be a reflection of these chromosomes' higher underlying GC3s values. If the modal GC3s value, rather than the mean, is used, the relationship between chromosome length and GC3s does not hold (r ϭ Ϫ0.14, NS). This suggests that the GC3s values for all yeast ORFs are not normally distributed. In fact, there is considerable skew, with twice as many ORFs on the righthand side of the mode of the distribution as on the left ( fig. 4A) . If the right-hand side of the distribution resembled the left-hand side, it might be expected that the right hand side would tail off at about 48% GC3s. Interestingly, the distribution of GϩC values for noncoding regions shows no significant positive tail ( fig. 4B) , and there is actually a slight negative tail.
The uneven distribution of ORFs with high GC3s values among chromosomes is confirmed by examination of the locations of the ORFs in the tail of the distribution ( fig. 4A ). Shorter chromosomes have a higher proportion of high-GC3s ORFs than might be expected by chance (table 1) . In fact, the number of ORFs with GC3s Ͼ 48% on each chromosome seems to be independent of chromosome length (r ϭ 0.47, NS).
Relationship Between Gene Density and GC3s
Many authors have cited a correlation between regional increases in GC3s and regional increases in gene density (see Introduction). To test whether this is true, each chromosome was divided into adjacent 50-kb windows. For example, chromosome III (315 kb) was divided into six windows of 50 kb centred in the chromosome. The remaining fragments (7.5 kb at each telomere) were removed. For each window, gene density and the average ORF GC3s was calculated. Incomplete parts of ORFs at the ends of windows were included in the calculations. There is no correlation between the variables ( fig. 5 ). Making allowance for the fact that ORFs on shorter chromosomes have a higher average GC3s by subtracting the average chromosome GC3s value from each ORF still results in no correlation (data not shown).
Discussion
Our analyses have produced two apparently independent results. First, while variation in GC3s is not completely random, the observed clusters of ORFs of similar GC3s values can be accounted for by considering the very short range correlations between neighboring ORFs. Second, high-GC3s ORFs are located preferentially on shorter chromosomes, and the distribution of all GC3s values is not normal. Furthermore, both of these results are apparent only when considering the silent sites of ORFs and not when considering noncoding regions. Noncoding regions in yeast are typically short and may consist largely of regulatory elements that are under selective constraint (Sharp and Lloyd 1993) . This hypothesis is supported by the finding that intergenic regions are more conserved than silent sites when closely related Saccharomyces species are compared (Adjiri et al. 1994; unpublished data) . The results for noncoding regions are therefore inconclusive. They reflect either a fundamental lack of pattern or a pattern that is largely obscured by selective constraints.
Nearest-Neighbor Effects
Regional variation in base composition has largely been inferred to be due to regional variation in mutation patterns (Filipski 1987; Sharp and Lloyd 1993) . One Table 1 Chromosome Distribution of ORFs Above Various GC3s Cut-Off Levels possible cause of mutation pattern variation is that different regions of the genome are replicated at different times (Wolfe, Sharp, and Li 1989; Eyre-Walker 1992) . A second possibility is that regional mutation patterns reflect differences in the local frequency of recombination. Recombination involves DNA repair, a process known to be biased toward GϩC-richness in mammals (Brown and Jiricny 1988) . It might therefore be expected that recombination hot spots would have elevated GϩC content, and this is true at least for chromosome III, where hot spots for double-strand breaks (DSBs) coincide with GϩC-rich areas of the chromosome (Baudat and Nicolas 1997). Because DSBs tend to be located in intergenic sequences, the ensuing DNA repair may affect the ORFs on each side of the DSB and thus contribute to the correlation of GC3s in neighboring genes. A third possibility is raised by the discovery that the genome is partitioned into distinct replicational and transcriptional domains in the nucleus during S-phase (Wei et al. 1998) . If these domains are set up anew during each cell cycle, then neighboring genes may tend to experience similar chemical environments during their evolution, whereas genes that are not close together may not have this shared history.
Interchromosomal Differences in GϩC Content
The disproportionate concentration of high-GC3s ORFs on shorter chromosomes gives rise to the negative correlation between chromosome length and chromosome GϩC content. A negative correlation has also been reported for the relationship between chromosome length and genetic map length per kilobase (Mortimer, Contopoulou, and King 1992) . It is a requirement for meiosis that there be at least one chiasma per chromosome, and this results in a higher chiasma density and a longer map length per kilobase on shorter chromosomes. High chiasmata density is associated with high GϩC content in humans (Ikemura and Wada 1991), so the differences in recombination rates per kilobase between chromosomes could cause the observed phenomenon. The relationship between chromosome length and GC3s content might therefore have been anticipated. What is interesting is that this relationship is produced by ORFs of high GC3s content and not reflected in a difference in the modal GC3s content. This suggests that the GC3s content of only a subset of the ORFs is affected by DSBs.
The Paradox of Chromosome III Chromosome III has consistently shown the strongest clustering effects under the objective criteria that have been applied in this study. No other chromosome displays such pronounced regional variation in GC3s ( fig. 1) strong GC3s correlations between neighboring genes seen in figure 2.
A second possible (although unlikely) reason for the differences in chromosome III is that parts of its sequence could be derived from yeast species other than S. cerevisiae. The laboratory yeast strain (S288C) whose genome was sequenced is derived largely from a single natural isolate of S. cerevisiae (EM93), but small fractions of its genome (probably less than 5% in total) come from two other species: ''S. microellipsoides'' strain NRRL-210 (which is possibly Zygosaccharomyces microellipsoideus) and the lager yeast Saccharomyces carlsbergensis (Mortimer and Johnston 1986) . Some sequences from S. carlsbergensis show only 82%-84% DNA sequence identity to S. cerevisiae (e.g., MET2; Hansen and Kielland-Brandt 1994). Saccharomyces cerevisiae strain EM93 has been preserved in yeast stock centers, so it should be possible to use chip technology (e.g., Winzeler et al. 1998 ) to identify which parts of the S288C genome do not come from this isolate. At present, there is no information about the location of this ''foreign'' DNA in S288C and no reason to suspect that there is more of it on chromosome III than elsewhere.
A third possibility, which we consider to be the most likely, is that chromosome III is unique among yeast chromosomes because it contains the mating-type loci. These comprise the MAT locus and the two silent mating-type cassettes (HML and HMR) located near the two ends of the chromosome. The mating type switches each generation because MATa cells tend to select the cassette on the left arm (HML, which contains a silent copy of the ␣ gene) as a donor for gene conversion at MAT, whereas MAT␣ cells tend to select HMR (which contains a silent copy of the a gene). If one of the silent cassettes is relocated to a different chromosome, matingtype switching still occurs, but its efficiency is greatly reduced, because the bias in donor selection is lost (Weiler, Szeto, and Broach 1995) . It is likely, therefore, that there is selective pressure to preserve mating-type switching as an intrachromosomal reaction, and so to keep most of chromosome III (between HML and HMR) intact. If chromosome III has been largely free from structural disruption, then its pattern of GC3s variation may represent a fundamental pattern of mutation. Other chromosomes, which are not so constrained, may never be able to reveal such clear trends. In this sense, chromosome III might be considered a ''model'' chromosome for the study of mutational phenomena in eukaryotic genomes.
